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1 Introduction

Bioelectrochemical systems (BESs) are systems that use microorganisms
to biochemically catalyze complex substrates into useful energy products,
in which the catalytic reactions take place on electrodes. In other words,
BESs are battery-like systems in which a biofilm grown on electrodes oxi-
dizes substrates and generates energy. In wastewater treatment, a substrate
refers to a contaminant that needs to be removed. For example, the major
substrate removed from wastewater is organic matter which can be mea-
sured using different wastewater characteristics including chemical oxygen
demand (COD) and biochemical oxygen demand (BOD). Wastewater char-
acteristics could be represented as the total substrate concentration (e.g.,
Total BOD or Total COD) or concentration of the soluble substrates in the
wastewater (e.g., soluble BOD or soluble COD). BESs are advantageous due
to their ability to achieve a degree of substrate removal while generating
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energy. Typically, the energy generated from BESs is either in the form of
electricity or energy-rich gasses. Therefore it is a promising technology to-
ward energy positive or energy neutral treatment systems.

Potter (1911) was the first to report that electric potential can be pro-
duced in a cell using microorganisms; however, this technology did not gain
much attention until the beginning of the 21st century. Over the past two
decades, significant effort has been exerted in order to understand and de-
velop BESs (Aghababaie et al., 2015; Wang et al., 2015). Many reactor con-
figurations, architectures, and materials have been evaluated in efforts to
optimize the technology. Thus different BESs types have emerged including:

(i) microbial fuel cells (MFCs), which oxidize the substrate and gener-
ate electric power concurrently (Logan et al., 2006),

(ii) microbial electrolysis cells (MECs) or bioelectrochemically assisted
microbial reactors (BEAMRSs), for which an external power source
is added to oxidize a substrate while generating useful by-products
(Ditzig et al., 2007; Escapa et al., 2012),

(iii) enzymatic biofuel cells, which use specific enzymes to oxidize the
substrate and the enzymes are responsible for the transfer of elec-
trons to the electrodes (Leech et al., 2012),

(iv) microbial electrosynthesis cells which are used to synthesize organic
chemicals from the substrate (Nevin et al., 2010), and

(v) microbial desalination cells which can remove salinity from the sub-
strate (Cao et al., 2009).

Logan et al. (2015) provided a comprehensive summary of additional sec-
ondary type MFCs and their relative performance. Most of BESs types
were evaluated using nonfood source substrates. However, the studies that
evaluated food waste focused mainly on MFCs and MECs, thus this chap-
ter focuses on these two types of BESs.

The food industry produces a large amount of waste and wastewa-
ter. In the United States, fruits, vegetables, dairy, and grain products are
the most common wasted foods, while in the UK, fruits, vegetables, bak-
ery, and dairy are among the top wasted foods (Kosseva, 2013). Carbohy-
drates, proteins, lipids, and organic fibers constitute the majority of the
waste mass, which makes food waste highly biodegradable and energy
rich. Food production and processing are associated with the use of re-
sources including water and energy. In addition, a large amount of waste
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and wastewater loads are generated during the production of food and
must be treated before discharge. The constituents of the wastewater dif-
fer from industry to industry but generally, organic matter is the largest
constituent of food industry wastewater. Summaries of waste and waste-
water characteristics produced from food industries are provided through
this chapter, as well as in Chapter 2 (“Waste resources in the food sup-
ply chain,” by Thomas A. Trabold, Shwe Sin Win and Swati Hegde). More
detailed reviews of the wastes and wastewater produced from the food
industry can also be found in earlier publications (e.g., EIMekawy et al.,
2015; Kosseva, 2013).

2 Theoretical Background and Performance Indicators

One of the advantages of the bioelectrochemical systems is that energy
can be produced simultaneously while treating the wastewater through
substrate degradation. In BESs, electrochemical reactions are carried out
by a specific group of bacteria, exoelectrogens, which can transfer elec-
trons outside the microbial cell (Kiely et al., 2011b; Liu et al., 2014; Logan,
2009; Sun et al., 2014). The fundamental principle behind BESs is redox
potential. Gibbs free energy (AG®) is the energy available in a chemical re-
action to do useful work. Exergonic reactions produce energy (AG° < 0),
while endergonic reactions require energy to occur (AG° > 0). Further-
more, Gibbs free energy can be converted into the electric potential using
Nernst’s law (E° = —-AG°/nF), where n is the number of electrons trans-
ferred in a chemical reactions and F is Faraday’s constant (96,485 C/mol).
Moreover, the electromotive force is the electrical potential available be-
tween an oxidizing reaction and a reduction reaction (E°, . = E° ,"E°
), where E°_, and E°_. are the electric potential for the reduction reaction
and oxidation reaction, respectively.

oxi

2.1 Microbial Fuel Cells (MFCs)

Microbial fuel cells are a type of bioelectrochemical systems that oxi-
dize substrates and generate electric current (i.e., E °emf >0) (Logan et al.,
2006). A typical MFC contains two electrodes, anode and cathode, con-
nected externally to a load or resistor and separated by a membrane. The
oxidation of the substrate occurs at the anode and generates electrons
(e”) and protons (H*). The electrons are transferred from the microor-
ganisms into the electrode. Three means are reported in the literature by
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which electrons are shuttled from the microorganisms to the electrode; di-
rect electron transfer, transfer through nanowire structures and through
a mediator (Philips et al., 2016; Rabaey and Verstraete, 2005). The pro-
tons travel from the anode chamber to the cathode chamber through the
liquid and ion exchange membrane, if applicable. The electrons and pro-
tons react with the terminal electron acceptor on the cathode. The termi-
nal electron acceptor can theoretically be any chemical that has a redox
potential less than that of the electron donor, for example, oxygen or ni-
trate. The transport of electrons through the external wire generates the
electric current. The maximum voltage that can be produced by an MFC
is limited by the thermodynamic relationships between the electron do-
nor and the electron acceptor (E "emf), as well as losses inside the cell. Elec-
tron losses are due to oxidation activation losses (n
activation losses (n

oxi, ..) and reduction
red, .); internal resistance (IR) of the cell due to losses
in electrodes, electrolytes, membrane, and connections; and losses asso-
ciated with mass transport and diffusion (17, ) (Logan et al., 2006; Rabaey

and Verstraete, 2005). The cell electrical potential is therefore

E

cell =

E ~-IR-1,,

emf - noxi, act r]red, act

A typical microbial fuel cell design that contains two electrodes con-
nected by a resistor (load) and separated by a membrane is illustrated in
Fig. 1. The oxidation of substrate or wastewater is achieved by the bio-
film that grows on the anode. Electrons produced from the oxidation of
organic matter travel from the anode chamber to the cathode chamber
where they are used in a reduction reaction at the cathode. In the shown
case, the terminal electron acceptor is oxygen; however, other electron ac-
ceptors can be utilized including nitrate and sulfate. Several MFC archi-
tectures have been developed; the most commonly used are two-chamber
MFC (TC-MFC) and single-chamber MFC (SC-MFC). Fig. 1 shows the ar-
chitecture of a two-chamber microbial fuel cell, which has an anode and a
cathode chamber separated by an ion exchange membrane. Single-cham-
ber microbial fuel cells are MFCs that have a single chamber in which
both electrodes are placed (Cheng et al., 2011). The use of ion exchange
membrane in a SC-MFC is optional and when used it could be placed di-
rectly on the electrode. Tubular MFCs have a tube- or pipe-like architec-
ture (Rabaey et al., 2005), while a three-chamber MFC has three cham-
bers separated by ion exchange membranes (Zhang et al., 2013). Several
sources are available for further reading on MFC architectures and ma-
terials used (Bajracharya et al., 2016; Du et al., 2007; Dumitru and Scott,
2016; Logan, 2008; Scott, 2016; Silver et al., 2014).
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Resistance

Fig. 1. A typical design of two-chamber microbial fuel cell (TC-MFC) which con-
tains the anode and cathode chambers separated by ion exchange membrane.

The performance of an MFC can be assessed based on several indica-
tors, including power density, current density, coulombic efficiency (CE),
and substrate reduction (e.g., ACOD). Power is the product of current and
voltage, with current being an indication of electrons flow. Power and cur-
rent densities are usually normalized by the anodic surface area (A_ ) since
the biofilm that oxidizes the substrate grows on the anode. Furthermore,
power and current densities are sometimes normalized by the working
volume of the cell. The current produced from a microbial fuel cell is usu-
ally small (<1A/m?) since it is related to biochemical reactions that are
limited by substrate utilization rate and electron production. Coulombic
efficiency (CE) is a parameter that indicates the fraction of electrons re-
covered as current, compared to that originally present in the organic mat-
ter. Therefore CE is an important indicator in mixed culture MFCs, where
multiple microbial species compete for the substrate and it also can re-
flect electron loss in the cell. For more information on measurement and
calculation methods, the reader is referred to Logan et al. (2006).



ZIARA ET AL. IN SUSTAINABLE FOOD WASTE-TO-ENERGY SYSTEMS (2018) 6

2.2 Microbial Electrolysis Cells (MECs)

Microbial electrolysis cells (MECs) are a type of bioelectrochemical sys-
tems that use an external power source to catalyze the substrate into by-
products. This type of BES has been given many names, including BEAMR,
biocatalyzed electrolysis cell (BEC), and microbial electrolysis cell (MEC)
(Ditzig et al., 2007; Escapa et al., 2012). The latter, MEC, is the most com-
monly used. The external power is needed to force thermodynamically
unfavorable reactions (AG° > 0) to occur. Products ranging from meth-
ane (CH4), to hydrogen gas (H,), to hydrogen peroxide (H,0,) can be pro-
duced using MECs, depending on the redox reactions involved (Rozendal
et al., 2009; Wagner et al., 2009).

Several MEC architectures have been evaluated, but generally most
MFC architectures and materials are applicable for MECs, including TC-
MEC, SC-MEC, and tubular MEC; the difference is that the cathode also
operates under anaerobic condition. A typical two-chamber MEC is il-
lustrated in Fig. 2. In MECs, electrons and protons are produced on the
anode. The electrons travel through the electrode and the protons travel
through the liquid to the cathode. The redox potential of the anodic and
cathodic reactions is not enough to move these reactions forward, there-
fore an external power source is needed. Research studies have estab-
lished that using a biocathode in MECs is more efficient than using an
abiotic, microorganism-free, cathode (Rozendal et al., 2008; Wang et al.,
2014; Xu et al., 2014). The theoretical voltage required to achieve a spe-
cific reaction can be calculated using (E°,, /), which will be negative in
the case of MEC. Like MFCs, voltage losses occur within the cell, there-
fore the voltage needed to be added is usually slightly higher than the
theoretical voltage.

The performance of an MEC can be assessed using multiple indicators,
including CE, hydrogen yield (YHz ), cathodic hydrogen recovery (r_,),
overall hydrogen recovery (1) volumetric density, and hydrogen produc-
tion rate (Call and Logan, 2008; Logan, 2008). Hydrogen yield is the mass
fraction of the hydrogen produced to the substrate removed. The cathodic
hydrogen recovery (r_ ) represents the fraction of hydrogen recovered to
the estimated hydrogen produced based on measured current. The overall
hydrogen recovery (er) is the efficiency of hydrogen production based on
the total hydrogen moles recovered versus the theoretical possible produc-
tion. The energy efficiency (1,,) is the efficiency based on the applied volt-
age. The volumetric hydrogen production rate (Q) represents how much

cat
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Fig. 2. A typical design of a two-chamber microbial electrolysis cell (TC-MEC)
which has two chambers separated by ion exchange membrane.

hydrogen is produced per unit volume of reactor per unit time. For more
information on measurement and calculation methods, the reader is re-
ferred to Call and Logan (2008) and Logan (2008).

3 Energy Recovery from Food Industry Wastes Using BESs
3.1 Microbial Fuel Cells

MFCs are bioelectrochemical systems that can achieve substrate removal
and generate power simultaneously. Several architectures for MFCs ex-
ist; however, only a few have been evaluated using food industry wastes.
Most of the food industry wastewater was evaluated using two-chamber
MFCs and single-chamber MFCs at laboratory scales. The performance of
MEFCs using food wastes can be categorized according to the source of the
waste as follows.
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3.1.1 Brewery and Winery Wastewater

Brewery wastewater has high concentrations of carbohydrates and sugars
which have high energy content and can be easily biodegraded (Wang et
al., 2016). Due to wastewater generation patterns and variability among
brewery and winery wastewater sources, traditionally biological wastewa-
ter treatment technologies are employed, including sequencing batch re-
actors (SBRs) and up-flow sludge blankets (USABs) systems (Simate et al.,
2011). Aerobic and anaerobic biological treatment processes can achieve
70%-98% COD removal; however, the energy requirement for these pro-
cesses is high (Feng et al., 2008). Therefore the use of MFC systems for
brewery wastewater has been investigated extensively and has even been
commercialized (Pandey et al., 2016).

Previous studies of MFCs to treat brewery and alcohol-based waste-
waters have investigated parameters including substrate concentration,
reactor configuration, electrode materials, and mixing with other sub-
strates in batch and continuous operations modes. Table 7.1 provides a
summary of the performance, reactor design, and materials used in 19
studies that evaluated the performance of MFCs using brewery and alco-
hol-based wastewaters. Most of the studies investigated cells with small
working volume (<500 mL). Two studies investigated 4L and 10L MFC.

The highest power density using brewery wastewater was achieved us-
ing winery wastewater (6850 mg COD/L) in a tubular MFC with work-
ing volume of 170 mL (Penteado et al., 2016a). Their cell achieved a max-
imum power density of 890 mW/m?, 10% COD removal, and maximum
coulombic efficiency of 42.2%. Different solids retention times (SRT) were
evaluated and Penteado et al. (2016a) concluded that SRT does not have a
significant impact on biological treatment but has an effect on coulombic
efficiency and power density. Feng et al. (2008) achieved the highest re-
ported COD reduction of diluted brewery wastewater using single-cham-
ber MFC (up to 98%), however lower power density (29-205 mW/m?)
was achieved; this study demonstrates that treating brewery wastewater
with MFCs has the potential to be competitive with traditional energy-in-
tensive biological processes.

A 4-L single-chamber MFC was investigated using diluted brewery
wastewater (3707 mg COD/L); it produced 304 mW/m?and achieved
>75% COD reduction (Wang et al., 2016). Despite this large COD removal,
the coulombic efficiency was low which indicates that the organic mat-
ter might have been oxidized by fermentative and methanogenic micro-
organisms instead of exoelectrogens.
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Zhuang et al. (2012) scaled up an MFC to 10 L and operated it for 180
days continuously. A maximum power density of 4.1 W/m3was produced
at 30 days of operation and power density dropped by 60% by the end of
the experiment. The long-term COD removal rate was more stable than
the power generation; the cell maintained COD removal larger than 85%
throughout the experiment. The reported coulombic efficiency was low
and >35% of the COD removed was estimated to be associated with non-
exoelectrogenic microorganisms. However, high ammonia removal was
concurrently achieved, which demonstrated the system’s ability to treat
multiple substrates. Zhuang et al’s (2012) study demonstrates the MFC’s
general limitation: high electron loses in scaled-up systems.

Generally, two-chamber MFCs produced less current and achieved
lower coulombic efficiency than single-chamber MFCs due to internal po-
tential losses (Cetinkaya et al., 2015; Pisutpaisal and Sirisukpoca, 2012).
Previous studies have shown that high COD and ammonia removal can
be achieved using MFCs to treat brewery wastewater. However, proper
methanogenic control should be employed to ensure that COD reduction
is achieved by exoelectrogenic microorganisms and maximum coulombic
efficiency is achieved. It is important to note that MFCs cannot achieve
the required treatment for wastewater discharge, therefore they must be
combined with a secondary process to further remove contaminants. The
performance of MFC is similar to the performance of anaerobic technolo-
gies treating the same wastewater, and therefore MFC can compete with
conventional anaerobic technologies.

3.1.2 Cafeteria and Canteen Wastes

Most cafeteria wastes are food leftovers that contain rice, bread, vege-
tables, oil, and meat products (Goud et al., 2011). Cafeteria and canteen
wastes and wastewater were mostly investigated in a single-chamber or
solid-phase MFC. Previous studies of MFCs to treat cafeteria and canteen
wastes have investigated different parameters, including substrate con-
centration, reactor configuration, electrode materials, and pretreatment
options in mostly batch operation modes. Table 2 provides a summary
of the performance, reactor design, and materials used in 10 studies that
evaluated the performance of MFCs using cafeteria and canteen wastes.
Most of the studies investigated single- and two-chamber MFCs with small
working volume (<500 mL).

Choi and Ahn (2015) fermented cafeteria waste and used the high
strength leachate in a small single-chamber MFC. The cell power density
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was 1540 mW/m?, the maximum reported from cafeteria waste. The cell
also achieved high COD removal (85.1%) and high coulombic efficiency
(88.8%). Sangeetha and Muthukumar (2011) investigated using canteen
wastewater (COD; 7760 mg/L) and the cell achieved the highest COD re-
moval reported for cafeteria and canteen waste, nearly 99%. However,
the cell produced a maximum power density of only about 124 mW/m?2.

The studies reported for canteen and cafeteria-based waste show that
MFCs can achieve high COD removal and high coulombic efficiencies.
These studies also demonstrate that employing anaerobic fermentation
as a waste pretreatment strategy for using high strength wastes is feasi-
ble. Similarly, higher power densities were reported by researchers who
integrated fermentation of food wastes with MFC (Li et al., 2013; Rikame
et al., 2012).

3.1.3 Dairy Industry and Cheese Whey

The dairy industry produces a large quantity of high-strength wastewater,
with reported ranges of COD from 0.38 to 72.5 g/L, BOD from 0.19 to 68.6
mg/L, and up to 1462mg TKN/L (Britz and van Schalkwyk, 2005). Several
sources provide more specific dairy industry wastewater characterization
(Britz and van Schalkwyk, 2005; Danalewich et al., 1998). Anaerobic bio-
logical treatment systems are usually used for the treatment of dairy in-
dustry wastewater, which includes UASB, up-flow anaerobic filters, and
anaerobic suspended growth reactors, which can achieve 70%-99% COD
reduction (Britz and van Schalkwyk, 2005; Demirel et al., 2005; Mohan
et al., 2010b). Dairy industry wastewater has high concentrations of lipid,
protein, and lactose content, and some of this may be emitted in the waste-
water. These wastewater characteristics have encouraged researchers to
investigate the performance of MFCs as a treatment and energy recovery
technology. Table 3 provides a summary of the performance, reactor de-
sign, and materials used in 16 studies that evaluated the performance of
MFCs using dairy industry waste and wastewater. Most of the studies in-
vestigated single- and two-chamber MFCs with working volume ranging
between 28 and 2000 mL.

Dairy wastewater (3620mg COD/L) was investigated by Mansoorian et
al. (2016) in a two-chamber MFC and produced a maximum power density
of 621 mW/m?, which is the highest power density reported among studies
listed in Table 3. The Mansoorian et al. (2016) study also reported >90%
COD reduction and coulombic efficiency higher than 37%. Mohan et al.
(2010Db) investigated using diluted dairy wastewater in a single-chamber
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MFC under different organic loadings. The cell achieved the maximum
COD removal reported for dairy industry wastewater (95%), however the
cell achieved low coulombic efficiency and low power density. Mohan et
al. (2010b) study also documented that high protein, turbidity, and car-
bohydrates removal can be achieved using MFC for the treatment of dairy
wastewater. Kiely et al. (2011a) investigated using dairy manure (4300
mg COD/L) in a single-chamber small MFC operated in batch mode. The
cell achieved a maximum power density of 189 mW/m?, 70% COD reduc-
tion, and 12% coulombic efficiency. Zhang et al. (2015) investigated the
performance of three-chamber MFC, two cathodes and one anode, in elec-
tricity production from dairy manure. The cell produced up to 14,000mW/
m3and reduced the COD by 4434-8302 mg/L.

Even though low power densities were achieved by MFCs using dairy
wastewater, the COD removal indicates that if MFCs are better understood
and optimized, they could be a viable alternative for current dairy waste-
water treatment technologies.

3.1.4 Fruits, Vegetables, and Food Wastes

Fruit and vegetables constitute 20%-50% of household wastes. The per-
cent of the fruit and vegetable in household waste is proportional to the
proportion of vegetable and fruits in a country’s diet (Bouallagui et al.,
2003; Pekan et al., 2006). Further research concluded that the composi-
tion of fruit and vegetable wastes is related to the harvest period, demand
for a product, handling requirements, and shelf life of the fruits and veg-
etables (Angulo et al., 2012; Kosseva, 2013). Thassitou and Arvanitoyan-
nis (2001) collected the wastewater characteristics of fruit and vegetable
processing industries including apples, carrots, cherries, corn, grapefruit,
green peas, and tomatoes. The reported range of COD was 1.5-18.7 g/L,
BOD was 0.8-9.6 g/L, and suspended solids was 0.21-4.12 g/L. Table 4
provides a summary of the performance, reactor design, and materials
used in studies that evaluated the performance of MFCs using a variety
of fruit, vegetable, and food wastes. Most of the studies investigated sin-
gle- and two-chamber MFCs with working volume ranging between 25
and 1000mL.

The highest power density reported for fruit and vegetable processing
wastewater was achieved in a single-chamber MFC (Oh and Logan, 2005).
However, the maximum power density achieved by a two-chamber MFC us-
ing the same wastewater dropped significantly, even though similar COD re-
moval was achieved in both cells, as listed in Table 4. This demonstrates that
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two-chamber MFC has electron losses. Recently, Tian et al. (2017) evaluated
the performance of small single-chamber MFC using potato pulp waste. The
waste was diluted and the COD ranged between 2000 and 25,000 mg/L.
The cell produced moderate power level that ranged between 20,400 and
32,700mW/ms3and achieved up to 68% COD reduction and up to 56% cou-
lombic efficiency. However, Kiely et al. (2011a) was able to achieve higher
COD removal using potato processing wastewater. Shrestha et al. (2016)
investigated using tomato processing waste in two-chamber MFC. The to-
mato seeds and skin produced a maximum power density of 132mW/m?
while the tomato cull produced a maximum power density of 256mW/m?.
Composited vegetable waste was investigated in a single-chamber, 430-mL
MFC (Mohan et al., 2010a). The COD loading was varied from 0.70 to 2.08
kg/m3/d and the cell achieved up to 63% COD reduction. The cell produced
power density up to 216 mW/m?=.

The reported literature shows that 60%-85% COD removal can be
achieved using MFC systems to treat fruit, vegetable, and food wastewa-
ter. In addition, lower power densities are generally achieved using this
type of wastewater than that achieved by other wastewater. Further stud-
ies are needed particularly to evaluate the performance of scaled-up MFCs
and how wastewater pretreatment, such as fermentation, may enhance
the performance of MFC treating this wastewater. In addition, the eco-
nomic feasibility of integrating MFC in vegetable and fruit waste treat-
ment scheme must be evaluated since very high reduction COD cannot be
achieved using MFC alone for this type of waste.

3.1.5 Animal Processing and Meat Industry

The global meat production was 280 million tones in 2008, with the pro-
duction predicted to double by 2050 (Kosseva, 2013). To supply this global
meat demand, livestock operations are intensified and thus produce large
quantities of wastes and greenhouse gas emissions, which contribute to
climate change (Caro et al., 2017; de Vries and de Boer, 2010; Naylor et al.,
2005; Stehfest et al., 2013). The approximate edible mass portions of cows,
sheep or goats, pigs, chicken, and turkey are 50%-54%, 52%, 60%-62%,
68%-72%, and 78%, respectively (Kosseva, 2013). Furthermore, meat
processing in slaughterhouses and packing plants requires a large amount
of water, for washing and cleaning, which is then discharged as wastewa-
ter. For example, the water used in a mid-size beef packing plant is ap-
proximately 3000L/1000 kg live weight slaughtered (Ziara et al., 2016).
Meat processing wastewater is generally of high strength. Cattle
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slaughterhouse wastewaters have COD range of 3-12.9 g/L range, BOD
of 0.9-7.24 g/L, average suspended solids (SS) of 3.6 g/L, average total ni-
trogen (TN) of 378 mg/L, and average total phosphorous (TP) around 79
mg/L (Banks and Wang, 2005; Kosseva, 2013). For hog slaughterhouses,
the wastewater COD is about 3g/L, BOD is in the 1.95-2.22 g/L range, av-
erage SS of 3.7 g/L, TN range of 14.3-253 mg/L, and TP range of 5.2-154
mg/L (Banks and Wang, 2005; Kosseva, 2013). The constituents of animal
and meat-based industry are complex and not easily biodegradable, there-
fore anaerobic technologies are used the most in the industry followed by
secondary treatment for additional organics and nutrient removal (Banks
and Wang, 2005). Table 5 provides a summary of the performance, re-
actor design, and materials used in 25 studies that evaluated the perfor-
mance of MFCs using animal processing and meat industry waste and
wastewaters. Most of the studies using this type of waste investigated
cells with larger working volume (up to 2500mL) than other wastewater
sources discussed previously. Most of the studies focused on investigating
two-chamber MFCs in both batch and continuous modes.

Using goat rumen fluid and hay in four two-chamber MFCs connected
in series, Meignanalakshmi and Kumar (2016) reported the highest power
density range of 34,390-42,110 mW/m?achieved using the waste type dis-
cussed in this section. However, further MFC performance indicators were
not reported. Ismail and Mohammed (2016) reported the highest COD re-
moval (99%) achieved using slaughterhouse wastewater in a tubular MFC
operated in continuous mode. The highest coulombic efficiency of 47%
was reported by Ichihashi and Hirooka (2012), who used swine slurry in
a single-chamber MFC.

Swine waste produces significant greenhouse gas emissions during
waste management operations, and therefore it has attracted special atten-
tion and is one of the most widely investigated wastes using BESs (Caro et
al., 2017). Ma et al. (2016) achieved the highest power density (880-1056
mW/m?) of the swine waste studies listed in Table 5 using swine farm
wastewater in a two-chamber MFC. The anode was carbon fiber brush
and the cathode was carbon cloth with Pt catalyst; other information was
not reported. In a study aimed at evaluating the microbial dynamics in a
continuous MFC, it was reported that that up to 5623 mW/m3 was pro-
duced using swine slurry (Sotres et al., 2016). No other data was reported
in that study regarding COD removal or coulombic efficiency. Zheng and
Nirmalakhandan (2010) investigated the performance of two-chamber
1.85-L MFC using manure wash wastewater. The cell produced 216 mW/
m? (2000 mW/m3) and maximum coulombic efficiency of 5.2%.
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Slaughterhouse and meat packing wastewater were also investigated
using MFCs. Heilmann and Logan (2006) used diluted meat packing
wastewater in a single-chamber MFC. The cell achieved >86% COD re-
duction, a maximum power density of 139 mW/m?, and a maximum cou-
lombic efficiency of 6%. The low coulombic efficiency indicates high in-
ternal resistance or that most of the COD reduction was achieved mainly
by nonexoelectrogens.

Sulfur-based compounds can be present at higher concentrations in
cattle and swine wastes. Hydrogen sulfide (H,S) is the main sulfur-based
emission from confined animal feedlot operations (CAFOs), which results
from microbial degradation of sulfide (Rumsey and Aneja, 2014). Further-
more, sulfate-reducing bacteria such as Desulfovibrio and Desulfotomac-
ulum use lactate as the main electron donor; lactic acid is one of the main
organic acids used in slaughterhouses as an antimicrobial intervention (Al-
gino et al., 2007; Ueki et al., 1986). Other bacteria such as Desulfobacter
postgatei, Desulfobulbus propionicus, and Desulfonema can use acetate,
proportionate and long-chain fatty acids as the main electron donor, which
are the end products of anaerobic fermentation (Boone, 1982; Ueki et al.,
1986, 1989, 1991). Three main sources of sulfur-based compounds have
been identified: animal feed, degradation of animal proteins, and sulfate-
based chemicals used for tanning hides (Abreu and Toffoli, 2009; Craw-
ford, 2007; Miner, 1976; Sapkota et al., 2007; Sundar et al., 2002). Rabaey
et al. (2006) and Zhao et al. (2009) showed that sulfur-based chemicals
can be removed by MFCs. However, the performance of MFC in removing
sulfur-based compounds from actual meat and animal-based wastewater
has not been evaluated.

The studies reported in this section showed the potential of energy gen-
eration and treatment of animal waste and the meat processing waste-
water. However, further research is needed to optimize the systems,
evaluate pretreatment methods, and evaluate sulfur-based compound re-
moval. Scaled-up systems still need to be developed and better methods
for reduction of internal resistance and methanogenic control need to be
researched.

3.1.6 Sugar-Based and Distillery Wastewater

Molasses wastewater is produced from sugar-based industry. Molasses
wastewater is of high strength with COD ranging between 65,000 and
130,000 mg/L, low pH, and high concentrations of sugars and salts (Lee
et al., 2016). The main by-product of distilleries is wastewater, with the
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wastewater volume being approximately 10 times larger than the volume
of ethanol produced (Kosseva, 2013). The wastewater produced from dis-
tilleries is of high strength with COD range between 18,000 and 122,000
mg/L, high solids content, and low pH. The wastewater characteristics
from distilleries depend on many factors including the feedstock, size, and
capacity of plants, and wastewater utilization and biodegradation. Tradi-
tionally, molasses and distillery wastewater is treated using anaerobic pro-
cesses, but has also been an attractive source for microbial fuel cells, due
to the simplicity of the organic content which is primarily sugars (Pant and
Adholeya, 2007). Table 6 provides a summary of the performance, reac-
tor design, and materials used in studies that evaluated the performance
of MFCs using molasses, distillery, and other sugar-based wastewater.
Most of the studies investigated either single- or two-chamber MFCs
with working volume ranging between 25 and 1000 mL operated in batch
mode. The highest power density among reported studies ranging between
331 and 343 mW/m?using corn stover powder and solids was reported by
Wang et al. (2009) in a single-chamber MFC. Lee et al. (2016) compared
the performance of large two- and single-chamber MFCs using molasses
wastewater (10,000 mg COD/L) operating in a continuous mode, each
with a working volume of goo mL. The single-chamber MFC achieved
higher COD removal (90%) than two-chamber MFC (50%). However,
the two-chamber MFC achieved a higher power density (17+10.15 mW/
m?) than the single-chamber MFC (7.9+2.56 mW/m?). The performance
of the single-chamber MFC was further evaluated for the effects of using
a proton exchange membrane, and it was concluded that the membrane
did not significantly impact COD removal and power generation. In addi-
tion, the study reported that methanogens existed in the reactors and con-
tributed to 50%-90% of the COD removal. Therefore controlling metha-
nogens in MFCs is an important operational parameter to ensure that the
substrate is consumed during power production. Full-strength molasses
wastewater (130,00o0mg COD/L) was used in a two-chamber MFC (Ali et
al., 2016). The cell achieved 67% COD removal and produced a maximum
power density of 242 mW/m3. These results show that MFCs can be ade-
quate reactors for treatment of full strength molasses wastewater.
Distillery wastewater (3200-6400mg COD/L) was used in a two-
chamber MFC operated in batch mode (Samsudeen et al., 2016). The cell
achieved a maximum power density of 123.5 mW/m?, coulombic efficiency
up to 27%, and COD removal up to 65%. Tanikkul and Pisutpaisal (2015)
investigated the performance of a single-chamber MFC using distillery
wastewater with varied COD range between 125 and 3000 mg/L. The cell
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produced a maximum power density of 5.46 mW/m3and up to 56.7% COD
removal. Recently, Deval et al. (2017) evaluated the power production and
carbon degradation of anaerobically digested distillery wastewater us-
ing a two-chamber MFC. Under optimum operating conditions, the cell
produced a maximum power density of 31,490 mW/ms3 and achieved up
to 61% TOC reduction. The COD reduction of these studies is considered
lower than conventional anaerobic methods (Pant and Adholeya, 2007).
Therefore further research is needed to understand current generation
and substrate utilization in MFCs using distillery wastewater.

Generally, the performance of MFCs using molasses and distillery
wastewater has been obtained from lab-scale, relatively small reactors,
and the performance of pilot-scale MFCs in the treatment and energy re-
covery from molasses and distillery wastewater still needs to be evalu-
ated. Power densities generated from this type of wastewater are relativ-
ity low, and methanogenic control is an essential parameter in operating
MFCs using this wastewater. Employing anaerobic fermentation as a pre-
treatment may be a viable option which can produce energy-rich hydrogen
gas and further break down organic substrates to fermentation products
than can be consumed by the exoelectrogenic microorganisms.

3.1.7 Seafood Industry

The seafood industry is concentrated in coastal areas where seafood pro-
cessing occurs. Processing seafood produces a large amount of waste and
wastewater and may have a large impact on the local community (Kos-
seva, 2013). Processing seafood includes fish cleaning, cooling, equipment
and floor cleaning, which produce wastewater with high organics, fats, oil
and grease, and nitrogen content. Literature data on the characteristics
of seafood wastewater is limited. However, it has been reported that the
BOD load produced from seafood-processing operation ranges between 1
and 72.5 kg per ton of product (Kosseva, 2013).

The number of studies that evaluated the use of seafood wastewater in
MFCs is limited, with only four studies identified in the literature, listed in
Table 7. You et al. (2010) evaluated the performance of anoxic/oxic MFC
in the power generation and treatment of seafood wastewater in contin-
uous mode. The hydraulic retention time (HRT) was varied between 4.2
and 16.7 h and the average COD varied between 2102 and 2522 mg/L. The
largest COD removal (80.2%) was achieved at HRT of 16.7 h. However,
the largest power density (16,200 mW/m3) was achieved at HRT of 4.2 h.
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The performance of small single- and two-chamber MFCs was compared
using seafood wastewater with COD about 1000 mg/L (Sun, 2012). The
study concluded that the single-chamber MFC produced higher power den-
sity (343.6-358.8 mW/m?) than the two-chamber MFC (258.7-291.6 mW/
m?). Also, larger COD removal was achieved in the single-chamber MFC
(85.1%) than the two-chamber MFC (64.7%). On the contrary, the two-
chamber MFC achieved higher maximum coulombic efficiency (20.3%)
than single-chamber MFC (14.2%). Jayashree et al. (2016) operated a con-
tinuous tubular MFC using seafood wastewater (4000 mg COD/L). The
study reported power density between 105 and 222 mW/m? (221-886
mW/m3) and 83% COD removal. The power densities observed from us-
ing MFC to treat seafood wastewater are promising. However, treatment
efficiencies of MFCs are comparable to the efficiencies achieved by fixed
film filters treating seafood wastewater which are not sufficient to be em-
ployed as a stand-alone treatment technology (Tay et al., 2006). Further
research is needed to evaluate the long-term and scaled-up performance
and nutrient removal from this type of wastewater.

3.1.8 Edible Oil Industry

The edible oil industry is seasonal and produces high strength wastes,
with high COD (up to 220g/L), solids (up to 102.6 g total solids/L), lipids
(up to 30 g/L), sugars, nitrogen, and low pH that ranges between 5 and
5.9 (Hung et al., 2005; Kosseva, 2013). Olive oil and palm oil wastewater
characterization and treatment are comprehensively reviewed in Hung et
al. (2005) and Yacob et al. (2005), respectively.

Several researchers have studied using oil wastewater in MFCs as sum-
marized in Table 8. Palm oil mill wastewater was investigated in a two-
chamber MFC but the cell did not produce significant power densities
(<25 mW/m?). Recently, Yu et al. (2017) investigated using soybean oil
refinery wastewater (2900 mg COD/L) in a single-chamber MFC. The
cell achieved a maximum power density of 746 mW/m?, >96% COD re-
moval, and up to 33.6% coulombic efficiency. An earlier study by Hama-
moto et al. (2016) investigated full strength soybean oil wastewater (40
g COD/L) in a small single-chamber MFC. The cell achieved a maximum
power density of 2240 mW/m?, >77% COD removal, and up to 20% cou-
lombic efficiency. This shows that increasing the strength of wastewater
and the size of MFC can result in decreasing power density and the effi-
ciency of the cell in removing COD.
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3.2 Microbial Electrolysis Cells

Another type of BES is microbial electrolysis cell (MEC). Microbial electrol-
ysis cells (MECs) use an external power source to catalyze the substrate
into by-products, including methane (CH*), hydrogen gas (H,), and hydro-
gen peroxide (H,0,). While a considerable number of researchers inves-
tigated the use of MFCs to generate power from food industry waste and
wastewater, the number of studies that investigated the use of MECs with
this type of waste is limited. However, in some cases products produced by
MEC may be more valuable than producing electricity, since these prod-
ucts be stored for later use or utilized in other processes. The food waste
sources investigated in MECs include brewery and dairy wastewaters, mo-
lasses, animal waste, and winery wastewater, as shown in Table 9.

Methane production from brewery wastewater using MEC has recently
been evaluated by Guo et al. (2017). The researchers used a single-cham-
ber MEC and the average initial COD of the brewery wastewater was
1125 mg/L. The cell produced 0.14 m3CH 4/ m3/day and achieved a maxi-
mum COD removal of 80%. The maximum coulombic efficiency was low
(32.7%) which suggests that most of the methane produced was not pro-
duced by the exoelectrogenic bacteria. Similar methane production rate
was achieved in a small single-chamber MEC using soybean oil refin-
ery wastewater of COD about 2900 mg/L (Yu et al., 2017). In their study,
higher COD removal (95.8%) was achieved but the coulombic efficiency
was not reported. Marone et al. (2016) evaluated different power inputs
into an MEC using table olive oil processing brine wastewater as a sub-
strate. The cell produced an average of 109 Normal mL CH, per g COD re-
moved. The maximum COD removed was 29% and coulombic efficiency
was 30%. Several researchers evaluated biohydrogen production using
MEQC, since it is a cleaner fuel than methane which can be produced by
conventional anaerobic wastewater treatment methods. The coulombic ef-
ficiencies achieved by hydrogen-producing MECs are generally higher than
those used for methane production. This indicates that better MECs con-
trol might be achieved if methanogens are inhibited. The performance of
MECs was evaluated using various food industry wastewaters, including
molasses wastewater which achieved the highest hydrogen production rate
and coulombic efficiency. Wang et al. (2014) used molasses wastewater
in a single-chamber MEC, and reported up to 95% coulombic efficiency,
>100% cathodic energy recovery, and produced up to 10.72 m3H,/m3/day
of hydrogen. The results for molasses wastewater show that MECs can be
used efficiently to treat wastewater and generate biohydrogen.
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Several researchers evaluated swine waste as a substrate for MECs.
Wagner et al. (2009) demonstrated that using high strength swine
wastewater (12,825 mg COD/L), up to 70% coulombic efficiency can be
achieved, with up to 75% COD removal, and up to 1 m3H_/m3/day hydro-
gen production. Using a continuous two-chamber MEC, Sotres et al. (2015)
showed that up to 54% COD reduction and 57% coulombic efficiency can
be achieved using swine slurry. Cerrillo et al. (2016) compared the per-
formance of a two-chamber MEC using swine slurry and anaerobically
digested swine slurry. The MEC with undigested slurry achieved higher
COD removal but lower coulombic efficiency. It was also demonstrated
that up to 40% ammonia removal from the slurry could be achieved us-
ing an MEC. However, Sotres et al. (2015) and Cerrillo et al. (2016) did
not report the hydrogen production from the MECs.

Cusick et al. (2010) evaluated using a lab-scale single-chamber MEC
with winery wastewater (2200 mg COD/L). The MEC achieved 47% COD
removal, 50% coulombic efficiency and produced 0.17 m3H_/m3/d. Cusick
et al. (2011) tested the first pilot-scale MEC operating on winery waste-
water (1000 L with 144 electrode pairs). The anodes were made of graph-
ite fiber brushes and the cathodes were made of stainless steel mesh. The
operation period of the MEC was limited by the seasonal operation of the
winery (around 100 days). The cell was operated at a voltage 0.9 V, with
hydraulic retention time of 1 day. The cell enrichment and inoculation took
~60 days and the wastewater was diluted to enhance the inoculations and
reduce the start-up time. The start-up time was affected by temperature,
pH, and VFA content of the wastewater. The maximum gas production
was 0.19 m3/m3/day and the majority of the gas produced was methane
which was against the intent of the study. The cell provided favorable con-
ditions for methanogens growth and no inhibition or methanogen control
was employed. This study demonstrated some of the challenges of scal-
ing up MECs, which included longer start-up time than lab-scale cells and
methanogenic control. Extended continuous operation could enrich meth-
anogens, as was also reported by other studies (Rader and Logan, 2010).

4 Limitations and Challenges of BESs

Bioelectrochemical systems are unique systems that have the potential to
recover energy and treat wastes. Over the past two decades, the growth
of published research on BESs has been exponential (Aghababaie et al.,
2015; Wang et al., 2015). The efforts of recovering energy while treating
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food waste have been dominated by microbial fuel cells as compared to
other BESs. Despite the significant efforts in developing bioelectrochem-
ical systems, there are still key limitations and challenges facing bioelec-
trochemical systems, as presented in this chapter for both microbial fuel
cells and microbial electrolysis cells.

The cathode is the limiting electrode in a microbial fuels cell, and to
enhance the performance a catalyst is traditionally used. There has been
significant research effort applied in testing materials that are suitable
for MFCs, with platinum (Pt) catalyst being among the most widely used.
However, Pt is an expensive metal which increases the cost of construct-
ing MFCs. Furthermore, the use of ion membrane in actual wastewater
makes it susceptible to fouling which greatly increases the internal resis-
tance of the cell and reduces the electric current. Similar challenges and
limitations have been identified for MECs. Electron losses increase the re-
quired power input to the system, and methanogenic inhibition is also es-
sential for controlling the system during operation.

Microbial fuel cells are devices that produce power while treating
waste. The power produced in microbial fuels cells is lower than the the-
oretical power due to electron losses. Many factors contribute to electron
losses in the cell including resistance to electron flow through the elec-
trodes, connections, and membrane; activation energy needed to for redox
reactions; losses in the bacterium; and losses due to concentration gradi-
ent (Logan et al., 2006). The sum of these losses in an MFC contributes to
limiting the current produced. Furthermore, the power production is lim-
ited by microbial growth, substrate diffusion into the biofilm, and conver-
sion of substrates in the cell environment. The coulombic efficiency of the
cell is limited by the microbial culture in the cell and substrate. Substrate
conversion is also limited by the substrate concentrations; high concentra-
tions of substrate and low pH levels may inhibit exoelectrogenic activity
(Kim and Logan, 2011; Lin et al., 2016; Rikame et al., 2012). In addition,
higher concentrations of metals and toxins may inhibit microbial activity.

The optimum operation conditions of microbial fuels cells are close
to the optimum conditions of methanogenesis. Therefore in continuous
long-term operation of microbial fuel cells, methanogenic control is es-
sential. In batch operation of MFC, methanogens are inhibited by the aer-
ation of the electrodes between the batches. In continuous operation of
MFC, some cells achieved high substrate reduction while low coulombic
efficiency was achieved. This indicated that the substrate went through
the fermentation and methanogenetic pathways and the electrons from the
redox reactions were not transferred into the electrodes. Some substrates
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may provide inhibitory conditions to methanogens, like winery and brew-
ery wastewaters, which have low pH levels.

As demonstrated in the latter studies, the performance of the lab-scaled
units cannot readily be extrapolated to commercially relevant sizes (Cusick
et al., 2011; Hiegemann et al., 2016). Conventional anaerobic processes
are sized according to the HRT needed to achieve the required degree of
treatment, while BESs are also limited by the power production in addition
to HRT. Low electric current and coulombic efficiencies are achieved in
scaled-up systems which make the footprint large, even to power a small
electronic device (Sun et al., 2016). Voltage reversal is also one of the fac-
tors that contributes to the electric current reduction in scaled-up systems.
The substrate removal of scaled-up MFCs is not sufficient to operate MFCs
as a sole unit process for waste treatment. It is envisioned that BESs can
be a unit process within a waste treatment scheme. Furthermore, the in-
ternal resistance of scaled-up systems is increased which results in reduc-
ing electric current. Scaling up BESs also increases the start-up time of
the systems, and COD reduction in scaled-up BESs generally takes longer.

5 Future Perspective and Research Needs

Bioelectrochemical systems is a promising technology that has the po-
tential to recover resources, energy, and treat waste. With the expanding
need to recover resources, secure the food supply, and maintain a clean
and healthy environment, development of systems like BESs is essential.
While in the food industry, anaerobic digestion is mostly used to recover
energy and treat food wastes, BESs can be advantageous since they can
be operated at the ambient wastewater temperature and do not require
precise temperature control. In addition, BESs can be compacted and cos-
tumed to different shapes that can be installed inside buildings.

Over the past two decades, there have been great efforts to understand
and optimize the performance of these systems. The effort has focused on
optimizing lab-scale architecture, materials, and performance using both
synthetic and actual wastewater. However, there is still need for more re-
search to optimize scaled-up systems, increase power and current, reduce
internal resistance for the entire system, increase efficiencies, and reduce
the system footprint.

The investigation of new materials and reactor configuration is likely
to continue, especially to reduce costs and discover cheaper catalysts. Fur-
ther research is needed to better understand the electron transport from
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the microbes to the electrodes. Optimizing BESs by enhancing transport
through the ion exchange membrane, improved fundamental understand-
ing through mathematical modeling, and discovery of cheaper materials
with comparable performance are needed. Like anaerobic biological pro-
cesses, BESs operate optimally at around neutral pH and are sensitive to
shock loadings. Therefore an equalization basin with pH adjustment might
be needed in the process stream before the BES. However, there is still re-
search needed to evaluate the long-term performance of continuous sys-
tems and their tolerance to changing environments.

Application of the BESs for purposes other than waste treatment re-
quires further investigation. MFCs produce electrical current from organic
substrates, and so they can be used as real-time sensors for substrates in
various environments. MECs are suitable for generation of products on-
site and can be incorporated in different industrial applications. The use
of hybrid systems, which synergistically use multiple groups of microor-
ganisms such as microalgae and bacteria, to optimize performance and
treatment is also a promising approach. The performance of BESs in cat-
alyzing organic carbon-based substrates is limited by the volatile fatty ac-
ids concentrations in the substrate. Therefore coupling BESs with anaero-
bic fermentation is still a promising strategy, especially for high strength
wastewater.

The cost of membrane filters has been decreasing in recent years, and
the combination of membrane filters with BESs in a continuous and re-
cycling operation scheme may allow for the use of pure cultures that are
known to produce higher current. Concentrations of nitrogen, phosphorus,
and sulfur-based chemicals can be high in food wastes, especially meat-
based wastes. Studies have shown that BESs have a promising ability to
remove nitrogen and phosphorus from wastewater. Further research is
still needed to optimize this approach and achieve a better understanding
of the kinetics and pathways of nitrogen and phosphorus removal.

6 Conclusions

The efficiency of microbial fuel cells and microbial electrolysis cells in
treating food wastes was reviewed. Bioelectrochemical systems are still
in their infancy and further research is needed to better understand the
systems and optimize their performance. Microbial fuel cells have been
the focus of researchers for food industry waste and wastewater treat-
ment due to their capability to produce electricity. Fewer researchers have
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investigated microbial electrolysis cells. Among the food waste investi-
gated, brewery and sugar-based wastewater hold the most promise for
higher power density generation from MFC. Other waste sources may have
better performance if coupled with fermentation as a pretreatment pro-
cess. Scaled-up systems using food waste have not been extensively eval-
uated. Several limitations and challenges are discussed including reduc-
tion of performance in scaled-up systems, treatment efficiency, electron
loss, and internal resistance of the systems. The control of methanogenic
microbes is essential, especially for continuous long-term operation. Fur-
ther research on the removal of sulfur-based compounds from actual food
wastewater using bioelectrochemical systems is needed.
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Table 1. Summary of Literature Studies Reporting Use of MFCs for Treating Brewery and Winery Wastewater

Power Current
Cell Working Anode Cathode Operation ! ACOD Density Density | CE
Wastewater Type Type? || Vol. (mL) Material Material Mode CODin (mg/L) (%) mW/m? mA/m? || (%) Ref.
(mW/m?) || (mA/m?3)
Alcohol TC-MFC |84 Carbon cloth [|S2PON Paper- 300 (627) (3833) |<g |Mohamedetal
Pt 2016)
Alcohol TC-MFC 84 Carbon cloth ||C37P°" Paper- 300 (164) (833) <1 |[Mohamed etal
Pt 2016)
Brewery SC-MFC Carbon cloth ||Carbon cloth-Pt ||Batch 84-2250 54-98 |([29-205 27-10 ;%;Lali
Brewery SC-MFC Carbon cloth ||Carbon cloth-Pt 2239 g5-g7 ||*3>7483 21-3g||\Wang etal,
(11 -12) 2008)
Brewery  ||SC-MFC (4000 Carbon fiber |Activated Continuous 3707 £ 220 ||”>** [304 31 15 ||\Mangetal,
brushes carbon 57 2016)
(Angosto et al.
Brewery SC-MFC Batch 3574 93 (<300) (1100) 2015)
Graphite felt ||Graphite cloth- (Miran et al.
Brewery TC-MFC [|200 with Pt Batch 2000 80 305 745 2015)
Brewery  ||SC-MFC |[225 |Graphite felt ||carbon cloth-Pt |[Batch 1510 251-552 || |131-41][(vu et al. 2015) |
p i o
Brewery TC-MFC Carbon paper ||Carbon paper 1.68-38.34 (2’\3152)0 eri etal
Brewery 3C-MFC 1200 Graphite Graphite plates 850-4000 80-93 [|173.1 370 (Zhang etal,
plates 2013)
(Pisutpaisal and
Brewery TC-MFC Graphite felt ||Graphite felt-Pt ||Continuous BOD: 125-1000 (|65 0.78 Sirisukpoca
2012)
Carbon cloth ||Carbon paper (Velasquez-Orta
Brewery SC-MFC 145 anode coated-Pt-PFTE Batch 661 85 10+1 etal., 2011)
Stainless steel- (Wen et al
Brewery SC-MFC ||100 Carbon fibers ||Activated Continuous 1501 20.7  ||669 (24.1) 2.58 :
2010)
carbon-PFTE
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Power Current
Cell Working Anode Cathode Operation ! ACOD Density Density | CE
Wastewater Type Type? || Vol. (mL) Material Material Mode CODin (mg/L) (%) mW/m? mA/m2 || (%) Ref.
(mMW/m3) || (mA/m3)
Carbon fiber ||Stainless steel- 40,5 (Wen et al
Brewery SC-MFC |[100 and graphite ||activated Continuous 626.58 ‘ 264 (9520) ||1.79 19.75 ’
43 2009)
rods carbon-PFTE-Pt
Brewery; digester | Copper mesh- - . 2250 + 80, 10.69-80.01, (Cetinkaya et al.,
influent, effluent |||~ " < [0 Ti Copper mesh-Ti ||Continuous |5, 5 <82 11236-18.43 2015)
(Cercado-
Wine lees TC-MFC |[|500 Graphite felt ||Platinum mesh 10,843 + 3904 0.8 6.6 Quezada et al.,
2010a)
. Tubular- . . 34— ||(Penteado et al.
Winery MEC 170 Carbon felts  ||Carbon felts Semicontinuous ||6850 10 58-890 422 |2016a)
Winery TC-MFC |70 Carbon felt  ||Carbon felt Batch 6850 <17 |105-465 2-15 (Z%irgs)""do etal.
Brewery; mixed Graphite
A (Angosto et al.,
with pig liquid ||[SC-MFC |/100 granule and ||Carbon cloth-Pt ||Batch 5028 53 (340) (1200) 11 2015)
manure graphite rod -

. TC-MFC stands for two-chamber microbial fuel cell, SC-MFC stands for single-chamber microbial fuel cell and 3C-MFC stands for three-chamber microbial fuel cell.
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Table 2. Summary of Literature Studies Reporting Use of MFCs for Treating Cafeteria and Canteen Wastes

Power Current
Cell Working Anode Cathode Operation ' ACOD Density Density CE
Wastewater Type Type? || Vol. (mL) Material Material Mode CODin (mg/L) (%) mW/m? mA/m? (%) Ref.
(mW/m?) | (mA/md)
Cafeteria waste; | - /- Carbon felt || 272" Batch 153 (Choi et al, 2011)
fermented paper-Pt
. Graphite felt- . BOD; 125- (Pisutpaisal and
Canteen TC-MFC Graphite felt Pt Continuous 1000 75 0.7 Sirisukpoca, 2012)
Graphite Graphite 74.2- (Sangeetha and
Canteen TC-MFC ([1500 plates plates Batch 7760 98.9 16.3-123.8 ||27.1-54.3 Muthukumar, 2011)
Canteen waste |[TC-MFC |300 |Graphite ||Copper sheet | [1038-5139 |44 g5 || | |Houetal,2016) |
Canteen waste ||SC SBES ||300 Graphite Graphite air- Batch 380 72 162.4 <45 mA (Chandrasekhar et al.
cathode 2015)
Graphite Carbon 77.2— 371-556 23.5— |, .
Canteen waste |[|SC-MFC ||22 fiber brush  |lcloth-pt Batch 2000-4900 86.4 (12-18) >7 (Jia et al., 2013)
Graphite Graphite 46.28- |(39.38-
Canteen waste |(|SC-MFC ([430 plates plates Batch sCOD 12,000 64.83 107.89 211-390 (Goud et al.,, 2011)
Solid Graphite Graphite (Mohan and
Canteen waste phaset >00 plates plates 73-76 41817081 Chandrasekhar, 2011)
Cafeteria waste || e |24 Graphite | Carbon Batch 58,500 + 3000|851 {1540 88.8 |/(Choi and Ahn, 2015)
leachate brush cloth-Pt
Canteen waste; ¢ ke |l120 Carbon cloth | <30°N Batch 270020  |808  [(5.6) (15.3) (Li et al, 2016)
Diluted cloth-Pt-PFTE - ' ’ ’ -

a. TC-MFC stands for two-chamber microbial fuel cell, SC-MFC stands for single-chamber microbial fuel cell and 3C-MFC stands for three-chamber microbial fuel cell.
b. This terminology was used because the waste was in solid phase. The design of the cell was conceptually similar to a single-chamber MFC.
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https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0130
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Table 3. Summary of Literature Studies Reporting Use of MFCs for Treating Dairy Wastewater

Power Current
Wastewater Cell | Working Anode Cathode Operation ' o Density Density o
Type type? || Vol. (mL) || Material Material Mode CODin (mg/L)|| ACOD (%) mW/m? mA/m? CE (%) Ref.
(mW/m3) || (mA/md)
SC- Graphite Graphite fiber
: . + 8 ||(Rago et al., 2017
Cheese whey MEC 28 fiber brush  |lcloth-PTEE-Pt Batch (22.3) 10 49 + 8 |[|(Rago et al., 2017)
TC- . . (Nasirahmadi and
Cheese whey MEC 800 Graphite Graphite Batch 324.8 yW 1.19 mA Safekordi, 2011)
. TC- Carbon (Mohamed et al.
Dairy MEC 84 cloth Carbon paper-Pt 175.8 (503) (1946) <4 2016
. TC- Carbon (Mohamed et al.
Dairy MEC 84 cloth Carbon paper-Pt 175.8 (38) (404) <1 2016)
. TC- Graphite . (Mansoorian et al.
Dairy MEC 2000 plate Graphite plate 3620 90.46 621.13 374 mA  ||37.16 2016)
Dairy 1|\—/ICF_C Carbon felt ||Carbon-PFTE Batch 2804 83.1 < 450 324 (Pant et al., 2016)
. TC- . . (Cercado et al.
Dairy MEC Graphite felt||Platinum mesh 13,650 £ 3790 1009-1796 2014)
. (Elakkiya and
. TC- Graphite . 122-197
Dairy MEC 30 plates Graphite plates  ||Batch <91 (2.7-32) 8-17 ||Matheswaran
2013)
. SC- Carbon Carbon paper (Velasquez-Orta et
Dairy MFC 45 cloth anode ||coated-Pt-PFTE Batch 443-700 82 25+ al., 2011)
. SC- Graphite . 0.366-1.28 4.3- (Mohan et al.
Dairy MEC 480 plate Graphite plate Batch 45-444 67.79-95.49 (650-1100) 142 5010b
. Graphite fiber
. 3C- Graphite 4434— (< 300- 9.87-
Dairy manure MEC 617 fiber brush brushland 8302 mg/L |[14,000) 1865 (Zhang et al., 2015)
graphite granules
Graphite
Dairy manure [°C |28 fiber Carbon cloth-Pt-||p + 1, 4300 70 189 12 |(Kiely et al, 2011a)
MFC PFTE
brushes
Dairy
TC- Carbon . 2.2- .
wastewater; MEC 480 Toray Carbon Toray Continuous |[1513-3299 39-63 92.2 (1900) ||665 242 (Faria et al., 2017)

Synthetic
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https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0210
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0210
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0210
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0715
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0715
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0465
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0465
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0810
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0310
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0230

. . Pow?r Curre.nt
Was}t:xter t;:!g \%cl,rl((-:l?) I\::t(:"i:ll (I\::at:‘e(:':’ael ol:\;::::n CODin (mg/L)|| ACOD (%) ,:ev:,‘;:,’; 2,?;.'3 CE (%) Ref.
(mW/m3) || (mA/m?3)
ac:‘i;rt);:;vzls:(e‘;e 1|\-/ICF_C 600 Shrzzthite Graphite sheet Batch (0.5-0.715) (ZJ—_811)£Z )Shree et al.
Yogurt waste |~ l500 :Zggum Platinum mesh 91-594 87-91 38 <1450 gjf?&&‘;ezada
Yogurt waste I/ICF-C 500 Graphite felt||Platinum mesh 8169 + 2568 2-53.8 14.5-231 fectearl‘.:azd()o{(%;ezada

a. TC-MFC stands for two-chamber microbial fuel cell, SC-MFC stands for single-chamber microbial fuel cell and 3C-MFC stands for three-chamber microbial fuel cell.
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Table 4. Summary of Literature Studies Reporting Use of MFCs for Treating Fruits, Vegetables, and Food Waste and Wastewater

Power Current
Cell Working . Cathode Operation ! ACOD || Density Density CE
Wastewater Type Typee || Vol. (mL) Anode Material Material Mode CODi, (mg/L) %) mW/m? mA/m2 %) Ref.
(mW/m3) || (mA/m3)
Baker's yeast |[TC-MFC [|100 Carbon felts Carbon felts Batch 3500-15,000 |< 40 9.75-18.41 W‘
) Carbon paper (Velasquez-Orta
Bakery SC-MFC |45 Carbon cloth coated-Pt-PFTE Batch 651 86 10 £1 etal, 2011)
Chilled ready-meal |[Tubular- . . (Boghani et al.
food production |MFC 1000 Carbon veil Carbon cloth  ||Continuous ||843-1161 67-84 ||3.34-5.86 2017)
Composite . . 51.08- ||57.38- (Mohan et al.
vegetable waste SC-MFC (/430 Graphite plates ||Graphite plates ||Batch 52,000 6286 21571 2010a)
(Cercado-
Fermented apple |- \iec |50 Graphite felt  |[Platinum mesh 3501 + 2510 102-78  [56.8-209 Quezada et al.
juice
2010a)
_ ( .
Food TC-MFC ||84 Carbon cloth gfrbon PaPer- |patch 754 (1007) 5524y |12 ngg)amed etal
] ( .
Food TC-MFC ||84 Carbon cloth gfrbon PAPET 1 Batch 754 (1905 ||(853) 76 Zr\g?(;amed etel
Food industry ||[SC-MFC |[250 Carbon cloth Carbon cloth  ||Batch 810 64.2 0.78 mA ;(Oa_fg)m‘
Food industry  [[TC-MFC {250 Carbon cloth  ||Carbon cloth  |Batch 810 62.96 0.72 mA %‘M‘
. (Oh and Logan
Food processing |[SC-MFC (250 Carbon paper Carbon-Pt sCOD; 595 95 371+ 10 2005)
. gan,
Food processing |TC-MFC |[250 Carbon paper Carbon-Pt sCOD; 595 95 817 (;())gsa)nd L
Food waste 74.1-  ||(425.3— 12.1- .
leachate TC-MFC ||75.6 Carbon felt Carbon felt Batch 1000 85.4 5591) 135 (Li et al., 2013)
Food waste Carbon (Rikame et al.
leachate TC-MFC |[1200 Carbon electrode clectrode Batch 5000 90 (15140) (66750) 2012)

Soy-based food |TC-MFC || |[carbon felt ~ |lcarbon-PFTE  |[Batch 3107 714 J<100 ] 185 ||(Pant et al. 2016) |
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https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0500
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0500
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0500
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0355
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0585
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0585
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0515

Power Current
Cell Working . Cathode Operation . ACOD || Density Density CE
Wastewater Type Type2 | Vol. (mL) Anode Material Material Mode COD;, (mg/L) %) mW/m? mA/m2 %) Ref.
(mW/m3) | (mA/md)
. . ( 1
Tomato sseeds and TC-MFC Graphite felt Graphite felt Batch 3000 132 456 Shiestha of
skin 2016)
Tomatoes Cull ||[TC-MFC Graphite felt  ||Graphite felt  |Batch 2000 256 1504 S;‘{gfﬂ‘#eta"
Granular
Vegetable waste |TC-MFC |35 graphite and Carbon Paper ||Batch sCOD; 1000- 87 (596-1019) [ (Tao et al., 2013)
. 1500 326
Graphite rod
Graphite fiber Carbon cloth- (Kiely et al.
Potato SC-MFC |28 brushes Pt-PETE Batch 7700 89 217 21 2011a)
. Graphite felt
. Graphite . 250- (Durruty et al.
Potato processing |[3C-MFC (|800 particles and graphite 1000 80 400 pA 2012)
rods -
. 55.4- |(20,400- .
Potato pulp waste |[SC-MFC |25 Graphite brush  ||Carbon Cloth  (|Batch 2000-25,000 68.4 32,100) 18-56 ||(Tian et al., 2017)
39.5- 0.3- .
Potato waste TC-MFC |[240 Carbon felts Carbon felts Batch 1569-4245 89.6 1.4-6.8 5-150 43.6 (Du and Li, 2016)

a. TC-MFC stands for two-chamber microbial fuel cell, SC-MFC stands for single-chamber microbial fuel cell and 3C-MFC stands for three-chamber microbial fuel cell.
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Table 5. Summary of Literature Studies Reporting Use of MFCs for Treating Animal Processing and Meat Industry Waste and Wastewater

Power Current
Wastewater .|| Working Anode Cathode Operation COD;i, o Density | Density | CE
Type Cell typec Vol. (mL) Material Material Mode (mg/L) Acob (%) mW/m? mA/m? || (%) Ref.
(mW/m?®) || (mA/m?)
Cow manure,
fruit waste and |[TC-MFC  ||143 Graphite rod ||Graphite rod <71 3192+ 4 ||190 + 9.1 (Vijay et al., 2016)
soil
Cow's urine |[|[TC-MFC ||400 Carbon felt ||Carbon felt Batch 150-3000 ||45-82 (0.64-5.23) (1?;8472_) (Jadhav et al., 2016)
Goat rumen . (Meignanalakshmi
fluid TC-MFC ||2500 Copper Zinc 9700 0.24 A and Kumar. 2016
Goat rumen |4 TC-MFC 2500 Copper Zinc 34,390- 0.74-0.82 (Meignanalakshmi
fluid and hay ||in series PP 42,110 A and Kumar, 2016)
Graphite 1.3- (Zheng and
Manure wash |[TC-MFC {1850 . P Carbon cloth-Pt |[Batch 216 (2000) |/1380 ’ Nirmalakhandan
fiber brush 5.2
2010)
) (Zheng and
Manure; Graphite 46-93 1.3- .
Diluted TC-MFC ||1850 fiber brush Carbon cloth-Pt ||Batch (400-800) 370-780 5o Nirmalakhandan
2010)
. Carbon o 2.3— ||(Heilmann and
Meat packing |[SC-MFC |28 paper Carbon paper Batch 6010 > 86; diluted [|139 1150 6.0 Logan, 2006)
Slaughter i \iec 1000 Graphite  ||©"C 9raphite, g 10,815 67.9 700 318 (Christwardana et al.
house and copper 2016)
Slaughter |Tubular- . (Ismail and
house MFC Continuous |[1000 99 165 472 Mohammed. 2016)
. 0.14- (Egbadon et al.,
Swine TC-MFC {|1000 Carbon Carbon rod 5400 85.92 3.55-88.45 049 mA 2016)
. Activated 700-750
Swine  |[2 SC-MFC|[100 Graphite | - tbon-PVDF-  ||Continuous |[7000-7500 ||59 + 6 (2800- | 490 (Kim et al, 2016)
fiber brushes 1600
carbon black 3000)
Protein food |\, /111500 Graphite |l bhite sheets ||Continuous ||1900 86 230.3 527 5-p1 ||Mansoorian et al.
industry sheets 2013)
. 6000— (Ichihashi and
Swine SC-MFC ||70 Carbon felt ||Carbon paper-Pt|Batch 60,000 76-91 1000-2300 7000 37-47 Hirooka, 2012)
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Digested

mesh

Power Current
Wastewater .|| Working Anode Cathode Operation CODin o Density Density || CE
Type Cell type Vol. (mL) Material Material Mode (mg/L) Acob (%) mW/m? mA/m? || (%) Ref.
(mW/m3) || (mA/md)
Graphite
Swine  |[TC-MFC |[450 + 350 [jgranule and |[S2™POM et flgoich 1652 622-767  ||31-79 |17 (Xu et al.,, 2011)
. Fe203 2.8 mA
graphite rod
. Graphite
Swine SC-MFC Batch 8-75 (Wagner et al., 2009)
brush
swine [ /S MFC 150 Carbon Carbon-Pt Batch 8320 + 190 ||88-92 261 1400 8  |{(Min etal, 2005)
SC-MFC paper
. Carbon fiber
Swine farm |[TC-MFC brush Carbon cloth-Pt ||atch 880-1056 (Ma et al., 2016)
. Carbon fiber- .
Swine farm [SC-MFC ||128 E:Zrtfon fiberl tainless steel  [Batch 6825 + 571 [63.5-71.9  [20-256  [88-4000 [0.9-39 ;Elsgg‘j;m'aq“ et
mesh -
Granular Granular -
Swine manure ||[TC-MFC [|420 graphite and ||graphite and Continuous |[2200 + 665 202 3,4 |[2-20 5-24 (Vilajeliu Pons et al.
: . 2.09 kg/m3/d 2015)
graphite rod ||graphite rod
. Carbon .
Swine manure ||SC-MFC |28 paper Carbon-Pt Batch 8270 + 120 ||84 228 (Kim et al., 2008)
Swine manure: Commercial Gas
. "||SC-MFC ||65 Carbon felt  ||Diffusion Batch 2243 + 25 ||15 28 £ 20 24 + 3||(Vogl et al., 2016)
Diluted
Cathode-PFTE
Swine slurry ([TC-MFC (/504 Carbon felt rST']czlsr;‘Iess steel Batch 6512 17-21 250 (Cerrillo et al., 2016)
Granular Stainless steel
Swine slurry |TC-MFC |269 graphite and mesh in Continuous [|6908 mg/kg (763-5623) (Sotres et al.,, 2016)
carbon felt
Swine slurry |l \ec (336 Carbon felt | Stainless steel |l i ous (3462 131509 [9.4-461 [66.4-146.8|> " |(Sotres et al, 2015)
liquid mesh mesh 6.9
Swine sturry; |l \ikc 1504 Carbon felt [ >taniess steel g 7951 7-12 225 (Cerrillo et al,, 2016)

. TC-MFC stands for two-chamber microbial fuel cell and SC-MFC stands for single-chamber microbial fuel.
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Table 6. Summary of Literature Studies Reporting Use of MFCs for Treating Sugar-Based and Distillery Wastewater

Power Current
Cell Working Anode Cathode Operation CODiy o Density Density CE
Wastewater Type type? | Vol. (mL) Material Material Mode (mg/L) Acob (%) mW/m? mA/m? (%) Ref.
(MmMW/m?3) (mA/m?3)
Chitin solution SC- 300 Carbon Carbon cloth- Batch 76-272 18-56 ||(Rezaei et al., 2009)
MFC brush Pt
Chitin wastewater; | TC- ) .
fermented MEC 100 Carbon felt ||Carbon felt Batch 8.77 pA/cm (Li et al., 2017)
Corn Stover SC- Carbon Carbon cloth-
. - Wang et al., 2009
Powder and solids ||MFC paper Pt Batch 331-343 (Wang et al.. 2009)
. TC- Graphite . 3200- 13.2— ||(Samsudeen et al.
Distillery MEC 210 olate Graphite plate||Batch 6400 46.2-64.8 70-123.5 265-323.4 7 2016)
.. SC- Carbon Carbon cloth- (Tanikkul and
Distillery MEC 28 coth Pt Batch 125-3000 |[29.5-56.7 (5.46) 6.6-77.7 Pisutpaisal, 2015)
Distillery waste— ||TC- Graphite . TOG;
Digested MEC 200 rods Graphite rods ||Batch 60.78 + 0.95 (31490) (Deval et al., 2017)
Molasses SC- 900 Carbon felt || diffusion i inous [[10,000  [|l902 £ 163 |79+ 256  |[573 + 9.91 (Lee et al., 2016)
MFC electrode
Molasses i/ICF_C 900 Carbon felt ||MEET Continuous {|10,000 88.7 + 3.34 7.5 +0.67 56.7 + 2.52 (Lee et al., 2016)
Molasses -II\-/ICF_C 900 Carbon felt ||Carbon felt Continuous {|10,000 50.3 £ 5.06 17.0 £ 10.15 |{80.2 + 29.11 (Lee et al., 2016)
TC- Carbon Carbon cloth- .
Molasses MEC 300 coth Pt Batch 130,000 |67 2425 2600 (Ali et al., 2016)
Sugar mill -II\-/ICF_C 500 Carbon felt (|Carbon felt Batch 7210 56 140 50 70 (Kumar et al., 2015)

a. TC-MFC stands for two-chamber microbial fuel cell and SC-MFC stands for single-chamber microbial fuel cell.



https://www.sciencedirect.com/science/article/pii/B9780128111574000073#tf0040
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0580
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0365
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0745
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0605
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0605
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0675
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0675
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0175
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0345
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0345
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0345
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0030
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0340

Table 7. Summary of Literature Studies Reporting Use of MFCs for Treating Seafood Wastewater

Power Current
Wastewater Cell Working . . Operation COD;, || ACOD Density Density o
Type Typee Vol. (mL) Anode Material || Cathode Material Mode (mg/L) %) mW/m? mA/m2 CE (%) Ref.
(mW/m3) || (mA/m3)
Tubular- Activated carbon Activated carbon . 105-222 (Jayashree et
seafood e | fiber felt fiber felt Continuous /70050 183 )5>1_gge) 30 laL. 2016)
Seafood ||SC-MFC |26 Carbon cloth-steel | Carbon cloth-Pt-~ )\ 10156 [851 [3436-3588 |j360-1270 |38 |l(sun, 2012)
mesh PTFE 14.2
Seafood |[TC-MFC |26 Carbon cloth-steel | Carbon cloth-Pt-~ o\ 10156 [647  |2587-2916 |j360-1270 |28 |l(sun, 2012)
mesh PTFE 20.3
) Granular graphite ||Granular graphite . B 28.2— ||(8900- (31,100~ 2.11- ||(You et al.
Seafood || TC-MFC |98 and Graphite rod |land Graphite rod | COMtInUous 112102=2522/0 5 1ly6500) 41,7000 |[15.2  |[2010)

a. TC-MFC stands for two-chamber microbial fuel cell and SC-MFC stands for single-chamber microbial fuel.



https://www.sciencedirect.com/science/article/pii/B9780128111574000073#tf0045
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0295
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0295
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0655
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0655
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0790
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0790

Table 8. Summary of Literature Studies Reporting Use of MFCs for Treating Oil Wastewater

Power Current
Wastewater Cell || Working Vol. Anode Cathode Operation COD;i, ACOD Density Density CE Ref
Type Type? (mL) Material Material Mode (mg/L) (%) mW/m?2 mA/m? (%) ’
(mW/m?) || (mA/m?)
Palm oil mill |ITc-MrC ll4s0 PACF carbon ||PACF carbon 1000 70 27 ~ 180 24 (Baranitharan et al.,
felt felt 2015)
. . Carbon cloth- 2240 (Hamamoto et al.
Soybean oil ||SC-MFC|(18 Graphite felt PTFE-Pt 40,000 77.9 (31,600) 658 20.1 2016)
Soybean oil Graphite fiber |[|Stainless steel 746 9.3-
refinery SC-MFC ]2 Brush mesh Batch 2900 + 100 96.4 (~ 24,100) 336 (Yu et al., 2017)
Vegetable oil HTC—MFC HSOO HTi wire HCarbon cloth HBatch H925 H86 H H H H(Abbasi etal., 2016)‘

a. TC-MFC stands for two-chamber microbial fuel cell and SC-MFC stands for single-chamber microbial fuel cell.



https://www.sciencedirect.com/science/article/pii/B9780128111574000073#tf0050
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0055
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0055
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0250
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0250
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0800
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0010

Table 9. Summary of Literature Studies Reporting Use of MECs for Treating Food Waste and Food Wastewater

Wastewater || Cell || Working|| Anode Cathode Operation || Egpp. ! ACOD|| re || ruz 3 3 CE
Type  ||Type?|Vol. (mL)|| Material | Material Mode vy || €OPm (ma/L) | oy 1 o || (%) Q (m* Hz/m’/day) @ | Ref
Graphite ||Circular
Beer SC- . . . . 0.5- 32.1- 5- [|(Guo et al.
wastewater |IMEC 2100 fiber stainless Semicontinuous 0.9 1125 + 66 65-80 912 0.14 (CH4) 32.7([2017)
brushes steel mesh —
SC- (Rago et
Cheese whey MEC 32 Batch 0.8 {|2000 49 + 2 al, 2017)
Cheese whey; Gas (Moreno et
Diluted and [|[MEC (|50 Carbon felt||diffusion Continuous 1 15.26 82 0.5 YV
. al., 2015)
Fermented electrode-Ni
Glycerol, . Graphite (Montpart
starch and i/ICEC 28 gl;aeFr*l::SSh fiber cloth- ||Batch 0.8 Zgo 91 0-0.94 ;_3 et al.
milk Pt-PFTE 2015)
. Graphite (Montpart
Milk i’ACE c |28 El;aefgfish fiber cloth- [|Batch 0.8 |[1000 735 ||14 0.086 ig' etal
Pt-PFTE 2015)
Graphite- Carbon
SC- . cloth—with 0.6— 54.3- |(|45.5— 91- ||(Wang et
Molasses MEC 25 fiber brush and without Batch 0.8 2000 102 94 2.27-10.72 93 |laL, 2014)
anodes
Pt
Graphite ||Carbon .
Potato | |28 fiber cloth-Pt- |[Batch 0.8 ||7700 79 0.74 go [Kielvetal.
MEC 2011a)
brushes PFTE =
Soybean oil ||SC- Graphite  |[|Stainless (Yu et al.
refinery MEC 22 fiber brush |lsteel mesh Batch 1.2 ]|2900 + 100 95.8 0.133 + 0.005 CHq4 2017)
. Graphite (Montpart
Starch i/ICE_C 28 Et;ae?};;ctejsh fiber cloth- ||Batch 0.8 |[1185 85.1 ;Z_ et al.
Pt-PFTE 2015)
. 3c- Carbon Carbon . 59.7- (Lim et al.
Swine MEC 2000 graphite ||graphite Continuous 0-2 {|10,136.9 + 850.5 67 2012)
. TC- 0.2- 9- ||(Jia et al.
Swine MEC Batch 1 1298 45-52 0.061 30 [2010
. SC- 17- 29— ||(Wagner et
Swine MEC Batch 12,825 69-75 ||29-61 20 0.9-1 70 |laL, 2009)



https://www.sciencedirect.com/science/article/pii/B9780128111574000073#tf0055
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0245
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0245
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0570
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0570
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0475
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0475
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0470
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0470
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0470
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0470
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0470
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0470
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0750
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0750
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0310
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0310
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0800
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0800
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0470
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0470
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0470
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0375
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0375
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0300
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0300
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0735
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0735

Wastewater || Cell || Working || Anode Cathode Operation ||Egpp. ! ACOD|| reat || ruz 3 3 CE
Type | Type?|Vol. (mL)| Material | Material Mode ) || €OPm Mol o) || (%) Q (m* Hz/m"/day) @ | Ref
. TC- Stainless 0- (Cerrillo et
Swine slurry MEC 504 Carbon felt steel mesh Batch 02 6512 29-35 7-9 ail. 2016)
Swine slurry ||TC- Carbon felt||Stainless . 0.1- 13.5- 3.2—||(Sotres et
liquid  ||MEC mesh steel mesh ||COMINUCUS [l o |[3462 53.8 56.9|(al. 2015)
Swine slurry; ||TC- Stainless 0- 11— ||(Cerrillo et
Digested [MeC || Carbon felt| . cel mesh ||P2t 02 || 17-25 18 |[al, 2016)
Table olive oil . .
brine  |MEC |336 Graphite ||Pt-radium g, 0.2- 29 109 + 21 N mL CHa/g COD,er{[30 |[042rONE €L
R plates grid 0.8 al., 2016)
processing
) SC- (Cusick et
Winery MEC Batch 0.9 |[2200 47 0.17 50 al, 2010)

a. TC-MEC stands for two-chamber microbial electrolysis cell and SC-MEC stands for single-chamber microbial electrolysis cell.
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https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0110
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0110
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0425
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0425
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0150
https://www.sciencedirect.com/science/article/pii/B9780128111574000073#bb0150
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